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1. Peripheral and central mechanisms of reciprocal inhibition between antagonist muscles in the forearm have been studied in ten human subjects.
2. H reflexes were evoked in flexor muscles by stimulating the median nerve with single shocks at around motor threshold intensity. Peripheral inhibition of the flexor H reflex was produced by motor threshold stimulation with a single shock of the radial nerve supplying the extensor muscles. The conditioning radial nerve stimulus produced inhibition of the flexor H reflex consisting of three phases.
3. In some individuals, an H reflex could be evoked in extensor muscles of the forearm. Stimulation of the median nerve produced inhibition of the extensor H reflex with a similar time course to that from extensors to flexors.
4. The first phase of inhibition was apparent when the test median nerve shock was given from 1 ms before to 3 ms after the conditioning radial nerve shock. It was abrupt in onset and short in duration and could be evoked with a conditioning stimulus intensity as low as 0 75 x motor threshold. The second and third phases of inhibition were evident when the conditioning radial nerve stimulus preceded the median nerve test shock by 5 to 50, and 50 to 500 ms respectively. The characteristics of these later phases of inhibition are to be the subject of a separate report.
5. The difference in timing of the peak initial short-latency inhibition from extensor to flexor and from flexor to extensor muscles enabled an estimate to be made of the central synaptic delay of the inhibitory process. This method yielded a central delay of 0 95 ms in excess of that of the H reflex. We conclude that the first phase of inhibition is mediated via large group I afferents acting through a single inhibitory interneurone.
6. Central inhibition of the flexor H reflex was demonstrated with the radial nerve anaesthetized by injection of local anaesthetic at the elbow. Subjects were asked to try to contract the paralysed extensor muscles. Under this condition, attempted voluntary wrist extension inhibited the flexor H reflex even though no movement occurred.
7. A shock was delivered to the radial nerve at a site proximal to the anaesthetic B. L. DAY AND OTHERS block. When the shock was applied in conjunction with an attempted voluntary contraction of the paralysed extensor muscles, the depth of inhibition was greater than that predicted from the effect of either a shock or a willed contraction acting independently. The result was consistent with spatial facilitation from descending and peripheral sources acting at the level of a spinal interneurone. 8. The depth of flexor H-reflex inhibition from a radial nerve shock was studied as a function of flexor torque in the intact subject. Over the range of torques used (0-15 N m) the depth of inhibition diminished as an approximate linear function of flexor torque. INTRODUCTION The essence of Sherrington's principle of reciprocal innervation is that during contraction of agonist muscles, the antagonists do not behave passively, but are actively inhibited by central nervous mechanisms.
Experiments on animals (see Baldissera, Hultborn & Illert, 1981) have shown that part, or all, of this reciprocal behaviour arises from excitation of Ia inhibitory interneurones in the spinal cord. Activity in these interneurones is modulated largely from two different sources: by central descending commands from the brain and by peripheral input from agonist muscle spindle Ia afferents. A descending command to excite agonist muscles to move a limb also inhibits antagonist muscles centrally via the I a inhibitory interneurone. When the agonist muscle is activated, its spindle I a afferent discharge, through action of the gamma loop (Vallbo, Hagbarth, Torebjork & Wallin, 1979) , may increase and feed back to the spinal cord to inhibit antagonist muscles peripherally via the Ia inhibitory interneurone.
In man, these mechanisms of reciprocal inhibition have been studied only in the muscles of the leg. A reflex muscle discharge (H reflex) was evoked by monosynaptic excitation of motoneurones after electrical stimulation of homonymous Ia afferent fibres. Mizuno, Tanaka & Yanagisawa (1971) attempted to activate the Ia inhibitory interneurone by stimulating the large Ia afferent fibres from ankle dorsiflexors to inhibit the H reflex elicited in ankle plantarflexors. In these muscles, it turned out that such action of the Ia interneurone could only be revealed when the peripheral and central components summated. Thus the soleus H reflex was inhibited only when short trains of stimuli were given to antagonist Ia fibres at the same time as the subject contracted tibialis anterior to dorsiflex the foot. It was not possible to investigate either mechanism in isolation. Similarly, the alternative approach of measuring changes in firing patterns of single motor units following an antagonist Ia volley (Ashby & LaBelle, 1977; Kudina, 1980) suffered in the same way since it required that the subject voluntarily activated the motor unit. This act, in itself, may modulate transmission in the Ia inhibitory interneurone (see Baldissera et al. 1981) . In this paper we investigate the peripheral and central components of reciprocal inhibition between extensor and flexor muscles in the human forearm. We show that the arm is different to the leg in that the peripheral component of reciprocal inhibition can be revealed by a single shock to the antagonist muscle nerve with the subject at rest. Also, the central component of inhibition is demonstrated in the absence of peripheral feed-back. The time course of peripheral inhibition in the flexors and 520 FOREARM RECIPROCAL INHIBITION extensors allows accurate measurements to be made which suggest that the inhibitory process is disynaptic. The technique provides a powerful system for determining changes in the Ia inhibitory pathway accompanying movement , or in neurological diseases in man. Some of this work has appeared previously in abstract form (Day, Marsden, Obeso & Rothwell, 1981 , 1982 .
METHODS
Subjects were ten normal volunteers from the departmental staff aged 21-32 years, and included three of the authors (B.L.D., J.A.0 and J.C.R.). In all experiments, the surface electromyogram (e.m.g.) was recorded from 1 cm diameter silver-silver chloride disc electrodes placed 3 cm apart at mid-forearm level over the bellies of flexor carpi radialis and flexor digitorum sublimis, and over extensor digitorum communis and extensor carpi radialis. Because of the wide pick-up area of the electrodes, we shall refer to the muscles recorded from by the general terms wrist and finger flexors and wrist and finger extensors. E.m.g.s were amplified (Devices 3160 pre-amplifier and Devices 3120 amplifier), filtered (bandpass filter 80 Hz to 2-5 kHz) and converted into digital format (sampling frequency of 5 kHz). Data was collected by a PDP12 computer using programs written by Mr H. B. Morton.
Inhibition from wrist and finger extensors to wrist and finger flexor muscles was elicited by giving single, low-intensity, electrical shocks from a Disa constant-current stimulator, to the radial nerve in the spiral groove. Stimulus intensity was set to be just below motor threshold by monitoring the surface e.m.g. response from the extensor muscles.
Monosynaptic H-reflex testing of relaxed subjects was used to follow the time course of reciprocal inhibition of wrist and finger flexor motoneurones from the radial nerve afferents. Low-intensity stimuli (1 ms; 5-6 mA) were given to the median nerve in the cubital fossa in order to elicit approximately half-maximal H reflexes in wrist and finger flexor muscles (with a minimum direct M response) at various times before and after the conditioning shock to the radial nerve. At each time interval, ten control and ten test trials, in which the median nerve stimulus was paired with the radial nerve shock, were given alternately every 4-5-5 s. The size of the test H reflex was then expressed as a percentage of the size of the control (unconditioned) H reflex at each point. By convention, the timing of the test (median nerve) shock was referred to that of the conditioning (radial nerve) shock. If the test shock came first, then the conditioning-test interval was said to be negative. In some subjects, an H reflex also could be elicited at rest in the extensor muscles. In those individuals, the time course of reciprocal inhibition from flexor to extensor muscle also was tested in the same way. In this case, the radial nerve stimulation became the test shock, and that to the median nerve the conditioning shock. Central reciprocal inhibition after radial nerve anaesthe8ia
In five subjects, informed consent was obtained to anaesthetize the radial nerve. 5-8 ml plain 1 % lignocaine was injected around the nerve at the level of the elbow according to the technique described by Eriksson (1979) . When the block was complete, motor power was lost and no e.m.g. activity could be recorded from surface electrodes when the subject attempted to extend the wrist and fingers. Such complete nerve block usually lasted 5-10 min. During this period, H reflexes were elicited in the flexor muscles, and in alternate trials, the subject was instructed to attempt to extend his paralysed wrist during the test. Twenty trials, with and without attempted voluntary activation, were averaged. In three subjects it was possible to examine the combined effect ofcentral and peripheral reciprocal inhibition by giving low-intensity shocks to the radial nerve, proximal to the block, at the same time as the subject attempted to move. Four sets of trials were intermixed: (1) control trials, subject relaxed, unconditioned H reflex; (2) (Deschuytere, Rosselle & deKeyser, 1976 and finger flexors were similar to those reported for the soleus muscle. An example from one subject is illustrated in Fig. 1 A and Fig. 2A . In this subject, when the median nerve shock was given 1 ms before (-1Ims) or 2 ms after (+ 2 ms) the conditioning radial nerve shock, there was no effect on the size of the H reflex in the flexor muscles. However, when the radial nerve shock was given simultaneously with the test median nerve shows the results from six different individuals. The abscissa plots the timing of the median nerve test shock relative to that of the radial nerve conditioning shock which was given at t = 0 ms. Negative timings indicate that the median nerve shock occurred first. At each time interval, the size of the conditioned H reflex was expressed as a percentage of the size of ten control (unconditioned) reflexes (100 % is shown as the dotted horizontal lines) elicited in alternate trials.
shock, there was maximum (75 %) inhibition of the flexor response. The excitability changes were similar in six other subjects (Fig. 2B) , although the exact timing and depth of maximum inhibition varied. This probably was because of differences in electrode placing and peripheral nerve length in each individual.
As the conditioning-test interval was extended into more positive timings, later phases of inhibition became apparent in the flexor H reflex. There were no further inhibitory effects at more negative timings. The over-all time course of inhibition is shown in the average data of Fig. 3 , on a much extended time scale. There was a second phase of inhibition which started at an interval of 5 ms and reached a peak of approximately 75 % inhibition at an interval of 20 ms. This inhibitory phase was followed by a return to about 80 % of control values at an interval of 50 ms. This partial recovery was followed by a further depression of the H reflex which lasted until 05-1 s after the conditioning shock to the radial nerve. In this paper we shall describe only the characteristics of the first, short-latency phase of inhibition, which we believe is mediated by the disynaptic Ia inhibitory pathway of the spinal cord. The two later phases of inhibition, which are similar to those seen in the leg (Mizuno et al. 1971; El-Tohamy & Sedgwick, 1983) , will be analysed in a subsequent paper.
The radial nerve stimulus intensity required to activate the short-latency inhibition of the flexor H reflex was investigated in five subjects. The flexor H reflex was found to be inhibited at stimulus strengths as low as 075 x motor threshold suggesting the were recorded at rest in two of the ten subjects in whom they were looked for. They were not present in these individuals on every occasion. These reflexes had a latency of 17-20 ms and were abolished by muscle vibration. Low-intensity stimulation of large afferents in the median nerve also produced inhibition of the extensor muscle H reflexes. The time course of the short-latency phase of this effect was similar to that from extensor to flexor muscles (Fig. 5A) (@-*, to left) and from flexors to extensors (O-0, to right) in one subject. Test H reflexes were elicited either in the flexor muscles and conditioned by a motor threshold conditioning shock to the radial nerve (t = 0 ms) or, using the same electrode positions, were elicited in the extensor muscles conditioned by a shock to the median nerve (t = 0 ms). Each point is the average of ten trials. The H-reflex size at each time interval is expressed as a percentage of the control H-reflex size elicited in alternate trials (= 100 %). If and Ie mark the conditioning-test interval for maximum inhibition of the flexor or extensor H reflexes respectively. In this subject it was possible to elicit an H reflex with a sub-motor threshold electric shock to the radial nerve when the subject was at rest. B, plot of the relationship between If (abscissa) and Ie (ordinate) in five different subjects. A least-squares linear regression line has been fitted through the points. The intercept on the ordinate (1-9 ms) is equal to 21j where T1 is the central synaptic delay of the reciprocal inhibitory pathway over and above that of the H reflex. (I,) between conditioning and test stimuli for maximum inhibition of the flexor H reflex from an extensor afferent volley. Then, without moving the stimulating electrodes their status was reversed and the optimum interval was measured for maximum inhibition of the extensor H reflex from a flexor afferent volley (Ie) The intensity used at each site of stimulation was approximately the same for both halves of the experiment. Because of interposed interneurones in the inhibitory pathway, the path length from agonist afferents to antagonist motoneurones is longer than that to agonist motoneurones. The calculation in Methods shows that if we assume that this excess delay (Ti) is the same for both flexor and extensor afferents, then
This procedure was performed on five subjects. In this experiment an extensor H reflex could be evoked at rest in one subject only. In the remaining four subjects an extensor H reflex could be elicited only when the extensor muscle was slightly activated. This manoeuvre did not change the time course of inhibition from that seen in the relaxed state.
An example from one subject is shown in Fig. 5A . In this example the optimum conditioning-test interval for maximum inhibition was -0O6 ms for the flexor H reflex (Tf) and 2-4 ms for the extensor H reflex (Te), giving an excess central conduction time of (2-4 -0-6)/2 = 09 ms. These intervals were measured in each subject and plotted against each other as shown in Fig. 5B . Linear-regression analysis enabled the best straight line to be fitted to the data. The intersection of the line with the axis divided by two is then the best estimate for the excess central conduction time. This was calculated to be 095 ms.
Central inhibition of antagonist muscles
The preceding experiments were concerned with the peripheral mechanisms of reciprocal inhibition from large afferents in the antagonist nerve onto the agonist motoneurone pool. However, other pathways are known to converge on the Ia inhibitory interneurones in cats and primates (see Baldissera et al. 1981) . The following experiments were devised to investigate the influence of voluntary descending commands on these neurones.
In five subjects, the radial nerve was completely blocked by injection of local anaesthetic at the elbow, and the subjects were instructed to attempt to extend their wrist and fingers voluntarily. Since the muscles were paralysed, no movement occurred, and the effect of the voluntary command could be analysed in the absence of any change in peripheral afferent feed-back. H reflexes were evoked in the flexor muscles during this period and compared with those obtained at rest. In all subjects, there was a decrease in the size of the flexor H reflexes. The results in three subjects are shown in Fig. 6 .
We cannot say from this result whether the descending inhibition of the flexor muscles was produced via the Ia inhibitory interneurones or by other inhibitory pathways. However, in three of the subjects we investigated the peripheral reciprocal inhibition from extensor to flexor muscles during attempted voluntary wrist extension.
Low-intensity stimuli were given to the radial nerve proximal to the anaesthetic block, and the depth of inhibition of the flexor H reflex was examined with and without a superimposed voluntary command to move. The results are shown from all three 528 subjects in Fig. 6 . Either attempted voluntary wrist extension or the radial nerve shock inhibited the flexor H reflex when given alone. However, when both were given together, the effect on the H reflex was much greater than that predicted from the sum of the two separate effects. Thus for subject B.L.D. in Fig. 6 , a radial nerve shock alone reduced the flexor H reflex size to 33 % of its unconditioned value and an attempted voluntary extension produced 50 % inhibition. If these two effects were independent we would predict that when both occurred together there would be a reduction of the H reflex to 17 % (0 33 x 0-5) of its basal level. In fact, the H reflex was inhibited to 5 % of its control value. Corresponding figures for the other two subjects were: predicted values 15 %, 50 %; observed values 9 %, 27 % respectively.
These effects, therefore, cannot be considered independent. The results are consistent with spatial facilitation from descending and peripheral sources acting at the level of a spinal interneurone (see Discussion).
Reciprocal inhibition accompanying voluntary activity
In seven subjects we examined the effect of a constant level of voluntary flexor activity on the depth and time course of reciprocal inhibition evoked by radial nerve stimulation. The subject held his wrist flexed at 1600 against each of six levels of torque supplied by an electric motor. The intensity of nerve stimulation remained constant.
The size of both the unconditioned and the conditioned H reflex increased with the force exerted (Fig. 7A) , but the time course of inhibition remained unchanged. However, the amount of inhibition, calculated from the unconditioned/conditioned H reflex ratio, was found to decrease with increasing flexor force (Fig. 7B) . From previous studies in relaxed muscle, it was established that a change in the H reflex size per se was not accompanied by a change in the percentage inhibition produced by a constant radial nerve afferent volley, even when the H-reflex size was varied over a three-to fourfold range by varying the median nerve stimulus intensity . In the present case, therefore, voluntary flexor activity appeared to depress transmission in the inhibitory pathway from the extensor muscle group I afferents.
DISCUSSION
In the cat, the key component involved in active inhibition of antagonist muscles is the Ia inhibitory interneurone in the spinal cord. Group Ia spindle afferent fibres from agonist muscles project monosynaptically onto these interneurones to mediate disynaptic inhibition of antagonist motoneurones (Jankowska & Roberts, 1972) . The FOREARM RECIPROCAL INHIBITION 5 I a inhibitory interneurone also receives a number of additional inputs including, in the cat forelimb and in primate, a monosynaptic excitation from the corticospinal tract (Illert & Tanaka, 1976; Jankowska, Padel & Tanaka, 1976) . In man, previous experiments have suggested a comparable spinal mechanism controlling muscles around the ankle, although the relative contribution from Ia spindle afferent fibres and descending motor fibres could not be separated in normal subjects (Mizuno et al. 1971) . The present experiments demonstrate that this spinal mechanism of reciprocal inhibition also plays a role in controlling muscles of the human forearm. Furthermore, for these forearm muscles, the peripheral components of reciprocal inhibition can be analysed in the relaxed subject, and the central inhibition also can be demonstrated.
The method we have used relies upon H-reflex testing. Although the H reflex generally is assumed to be due to monosynaptic excitation of ez-motoneurones by the Ia afferent fibres, recently it has been observed (Burke, Gandevia & McKeon, 1983 ) that other pathways also may be involved. The reasoning is that if, for example, the I a conduction velocity in the arm ranges from 60-80 m/s, then over the distance from the cubital fossa to the cervical cord, there would be a 2 ms or so difference in latency between the time of arrival of impulses in the fastest and slowest Ia afferent fibres. This allows the possibility of di-or even (for the very fastest fibres) trisynaptic linkages to participate in the H reflex. At the present time, it is generally assumed that the contribution of polysynaptic pathways to the H reflex is small. We have taken this standpoint in this discussion. However, it is possible that some of the effects we have observed may partially be due to actions on interneurones in this polysynaptic pathway rather than on the spinal a-motoneurone pool.
Peripheral reciprocal inhibition
A single stimulation of the radial nerve produced a series of changes in the excitability of the flexor monosynaptic reflex which lasted for up to 1 s. The first, short-latency inhibitory component has been analysed in this paper. We suggest that this inhibitory pathway in man is analogous to the I a disynaptic pathway reported in animal studies, for the following reasons: (1) the inhibition was evoked with stimulus intensities as low as 0-75 x motor threshold suggesting the involvement of large group I afferent fibres; (2) the time course of the initial phase of inhibition was abrupt in onset and short-lasting and very similar to that expected from the shape of an inhibitory post-synaptic potential (Araki, Eccles & Ito, 1960) ; (3) peak inhibition from extensors to flexors occurred approximately when the radial nerve conditioning shock was given at the same time as the median nerve test shock. We have no direct measure of the exact peripheral nerve lengths involved in conduction to the cord. However, it seems likely that with the stimulating electrodes in the spiral groove and cubital fossa, the impulses arrive within 0-2 ms of each other, indicating that the inhibition is evoked by short-latency pathways. In addition, by assuming that the inhibitory process from flexor group I afferents to extensor muscles was mediated by a similar mechanism to that from extensors to flexors, and that the central latencies of these pathways were the same, we could calculate the central inhibitory delay of this first phase of inhibition. On average, this was 0-95 ms longer than the central delay in the H reflex which is compatible with the presence of an 531 3 B. L. DA Y AND OTHERS additional synapse within the inhibitory pathway (Araki et al. 1960) . These findings are in agreement with the belief that the disynaptic Ia inhibitory pathway also is used to control forearm muscles in man.
Central reciprocal inhibition
By studying the effect of attempted voluntary contraction of the paralysed wrist and finger extensor muscles on short-latency reciprocal inhibition, we have shown that (1) the voluntary extensor command inhibited the flexor monosynaptic reflex in the absence of any peripheral feed-back from the agonist muscles and (2) this descending command facilitated the inhibitory pathway produced by stimulation of the peripheral nerve.
In the absence of detailed knowledge of time relationships, it is not possible to specify exactly the mechanism whereby the voluntary extensor command inhibited the flexor H reflex. The simplest explanation would be a direct descending inhibition acting either post-synaptically on the flexor motoneurones or presynaptically on the I a afferent terminals. However, there is little evidence from animal experiments to support this concept. Renshaw cells of the extensor pool must be considered as a source of inhibition in these circumstances since they also would be activated by this manoeuvre. However, they do not project from extensor to flexor motoneurones in the cat (see Baldissera et al. 1981 ). In addition, although the extensor Renshaw cells monosynaptically inhibit the I a inhibitory interneurones to flexor motoneurones, the over-all effect would be to produce excitation of the flexor pool rather than inhibition. We would favour a mechanism whereby the descending command to activate extensor motoneurones also acts to excite the I a interneurones from extensor to flexor muscles. This idea is strengthened by the fact that a voluntary extensor command could facilitate the Ia inhibition produced by peripheral nerve stimulation. The increase in percentage inhibition produced during attempted wrist extension could therefore be explained by a spatial facilitation at the level of the I a inhibitory interneurone as described for the monkey (Jankowska et al. 1976 ) and in previous experiments on the leg in man (Tanaka, 1974) .
Reciprocal inhibition accompanying voluntary activity
When the flexor muscles were activated voluntarily, the depth of peripheral short-latency inhibition from extensors to flexors was reduced. This effect was approximately proportional to the flexor force over the range of torques used. One explanation for this effect might be that the descending command to flexor muscles also directly inhibits activity of the inhibitory pathway from extensors to flexors, either by presynaptic inhibition of the extensor afferent volley, or by inhibition of the I a inhibitory interneurone itself. However, there are other more complex possibilities. For example, in the cat, it has been shown that the population of Ia interneurones from flexors to extensors can themselves inhibit the I a interneurones from extensors to flexors (see Baldissera et al. 1981) . In the present experiments, with voluntary activation of flexor muscles the interneurones from flexor to extensor were likely to have been facilitated from two sources: (1) by analogy with the previous experiment, the descending command to flexor muscles would be expected to be associated with a facilitation of the I a inhibitory interneurones from flexors to
